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y-TiAl alloys have gained much attention due to their low density, excellent fatigue resistance, and high
specific strength at elevated temperatures. Throughout this study, we showcase physical vapor deposited
Al-rich y-TiAl coatings as a considerable solution to extend the durability and longevity of y-TiAl bulk
materials in high temperature regimes (> 750 °C). In detail, the oxidation resistance is enhanced up
to at least 850 °C for 1000 h, whilst exhibiting a maximum oxygen affected area of 8.4 pm (16 pm

Keywords: coating). Based on various oxidation treatments (800, 850, and 900 °C), we estimated a mean parabolic
Oxidation resistance rate constant of about 1.03¢10~9 ¢cm?/h and a logarithmic oxygen inward diffusion rate of approximately
y-TiAl 1.20010~* cm/h. The corresponding activation energies validate the considerably retarded oxide scale ki-
TNM . . netics - particularly, for the thermally grown oxides. Furthermore, the thermal exposure introduced excel-
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VD lent intermixing between the Al-rich y-TiAl coating and y-TiAl bulk material, resulting in a coalescence
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of the coating-substrate interface.
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Innovative materials design and manufacturing has always pi-
oneered technological advancements. This especially holds true in
aviation and aeronautic industries, where improved fuel efficien-
cies and superior engine performances constantly call for lighter
and more durable high-temperature materials [1].

Compared to state-of-the-art nickel-based super alloys, inter-
metallic gamma titanium aluminides (y-TiAl) show great promise
as alternative structural materials, due to their low densities
(~4.1 g/cm3), as well as outstanding fatigue and creep resistance
throughout high temperature regimes [2-4]. Especially, the TNM-
B1 alloy (Ti-43.5A1-4Nb-1Mo-0.1B at.%) features excellent mechan-
ical properties as wrought alloy [5,6]. However, due to the rather
poor oxidation resistance of y-TiAl-based alloys above 750 °C, the
development and tailoring of protective coatings are imperative
for their establishment throughout high performance technologies
[7]. This has encouraged researchers to develop different thermal
barrier coatings (TBCs), such as yttrium stabilized zirconia (YSZ),
which decrease the direct influence of the temperature on the
protected component across the coating thickness. In order to ac-
commodate the thermal expansion mismatch between the ceramic
coating and metal alloy, TBC feature high degrees of porosity. As a
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consequence, TBC cannot prevent oxygen diffusion and subsequent
attack of the substrate surfaces below [8-11]. Therefore, additional
oxidation protection coatings are needed. In particular, continu-
ous Al,03-based oxide has emerged as the prominent represen-
tative among protective thermally grown oxides (TGO). Unfortu-
nately, the direct deposition of Al,0; onto y-TiAl-based materi-
als demands for extremely challenging deposition conditions and
often bares the disadvantage of thermal mismatches between the
protective Al,05 coatings and underlying titanium aluminide sub-
strates [12,13].

Prominent candidates promoting the formation of an Al,05-
based TGO are sprayed MCrAlY coatings [14-16]. These have typ-
ical thicknesses up to 200 pum, but offer only limited adhesion to
the y-TiAl-based alloys [17-20]. Therefore, the use of PVD grown
metallic TiAICrX (X = Zr, Y) coatings have shown to be extremely
beneficial, as they combine excellent oxidation resistance (through
the formation of an Al,03-based TGO) with excellent adhesion to
y-TiAl-based (Ti-48Al-2Nb-2Cr) substrate materials [21-23]. How-
ever, the diffusion of Cr into the TNM substrate materials leads to
a Cr depletion of the TiAICrX coating, and induces unintended mi-
crostructural changes within the TNM substrates [21-23].

A more applicable and elegant solution for improving the oxi-
dation resistance of y-TiAl-based alloys is provided by a well ad-
herent Al-rich TiAl coating. By incorporating the same elements
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from the bulk substrate in the coating, but with a higher Al frac-
tion, a similar thermal expansion coefficient is obtained with a
lower probability for delamination due to thermal impact. In this
study, a TNM-B1 alloy (Ti-43.5Al-4Nb-1Mo-0.1B at.%) was used
as substrate material, to be protected with a physical vapor de-
posited Al-rich TiAl coating (using a [Ti-62AI-4Nb-1Mo-0.3(B+Y)]
target material [24,25]). The effectiveness of this concept depends
on various diffusion related mechanisms: (i) The development of
the Al,03-based TGO including the Al outward diffusion, (ii) the
inward diffusion of oxygen (representing how effective this TGO
can reduce the oxygen inward diffusion into the coating), and (iii)
the Al inter-diffusion from the Al-rich TiAl coating into the y-TiAl-
based (TNM bulk material) substrate material. The latter results in
Al-depleted regions within the coating, and contrarily Al-enriched
regions within the y-TiAl-based substrate. We want to empha-
size, that the Al-depleted region within the coating still contains
more Al than the Al-enriched regions of the substrate. For pro-
tective coatings, the depletion of elements through diffusion into
the bulk material (e.g., TNM alloys), will eventually have negative
consequences for their lifetime and performance. This is especially
important when considering Al, which influences the nature of the
Al,03-based.

(a)

-TiAl coating

Y

® Ve

Scripta Materialia 210 (2022) 114455

TGO. With the objective to better understand the diffusion pro-
cesses at hand and allow predictions about the lifetime of the
protective coating well beyond laboratory data, two diffusion pro-
cesses were studied in detail: (i) The oxidation of the coating sur-
face (including the formation of an Al,03-based TGO and the oxy-
gen inward diffusion), and (ii) the corresponding influence of Al
inter-diffusion between the coating and y -TiAl-based substrate. Al-
though, it is always the gradient in chemical potential that drives
diffusion, the phenomenological description by Fick (Ficks first and
second law of diffusion and the resulting “Einstein-Smoluchowski-
relation” through the chemical gradient) are simple and efficient
tools for calculating the respective parabolic rate constant (kp), the
parabolic rate preexponential factor (kpg), and activation energies
(q). Together, these values allow for an estimation of the lifetime
and performance of the coating [26-29].

For means of increasing the oxidation resistance of industrially
established y-TiAl-based TNM alloys, Al-rich TiAl coatings with ~6,
12, and 16 pm thickness were deposited by non-reactive unbal-
anced magnetron sputtering using a [Ti-62AI-4Nb-1Mo-0.3(B+Y)]
target (6-inch cathode) [24]. A deposition rate of 55 nm/min was
achieved by applying 4.5 W/cm? to the target. In a pre-step the
substrates were electrochemically polished (Struers A3 electrolyte)
and subsequently cleaned, as well as degreased (sodium-hydroxide
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Fig. 1. Cross-section BSE-SEM images and corresponding schematic illustrations highlighting the predominant O- and Al-diffusion paths of the 16-um-thick Al-rich TiAl-
based coating on the TNM substrate in the as-deposited state (a) and after oxidation for 100 h at 900 °C (b). The EDS-obtained Al line profiles highlight the Al,05; formation,
the still present Al-reservoir (where the TiAl-based coating still shows its original Al content, named as unaffected coatings in (b)), and the coating/substrate interdiffusion
due to this thermal treatment. In combination with the BSE-SEM image, the Al line profile allowed to identify the following regions as well: Aldepletion zone I directly
underneath the oxide (dotted blue region in the schema), Al-depletion zone Il immediately above the interface to the substrate (dotted blue region in the schema), and an
Al-rich zone Il immediately below the original interface to the coating (dotted red region in the schema).
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and 2-aminoethanol solution). In addition, the substrates were
rinsed with distilled water and cleaned in an ultrasonic bath for
10 min. All depositions were conducted with an “in-house” devel-
oped semi-industrial scaled unbalanced magnetron sputtering sys-
tem [30]. The pre-cleaned substrates were mounted onto a rotat-
ing substrate holder (90 rad/s) within the deposition chamber and
subsequently heated to T,,<300 °C. This low deposition temper-
ature beware the TNM of getter small amounts of oxygen which
causes an embrittlement of the TNM during the substrate heating.
Additional temperature induced microstructural changes can be ex-
cluded and highlights the excellent capabilities of PVD based tech-
niques compared to other deposition routes e.g. thermal spraying.

After maintaining the temperature for 20 min, the samples
were ion-etched with Argon (pei,= 6 Pa) for 10 min by biasing
the substrates with Uy;;s= -500 V. For the actual deposition an Ar
gas pressure of pgep= 0.4 Pa was maintained. In addition, a bias
potential of Up;,= -50 V was applied [24].

To investigate the cross-sectional morphology of the coatings,
back scattered electron (BSE) scanning electron microscopy (SEM)
with a FEI Quanta 200 FEG-SEM and a 10 kV acceleration voltage
was used. Fig. 1a shows an image of a 16 pm thick Al-rich y-
TiAl-based coating in its as-deposited state on the TNM substrate.
The Al-rich coating is predominantly y-TiAl structured (L1, crystal
structure) and features a homogenous contrast during this stage of
the investigation. Contrary, the TNM substrate shows a homoge-
nous distribution of «,/y-TiAl grains (D09/L1g-crystall structures)
and y-TiAl grains surrounded by Bg-grains at the colony bound-
aries [31]. Due to these differences in phase-contrast, the interface
between coating and TNM substrate is clearly visible.

The difference in microstructure between coating and TNM bulk
alloy is also schematically given in Fig. 1a. The coating exhibits
columnar grains with significantly smaller sizes (in average the
columns are 200 nm long and 50 nm wide, as obtained from de-
tailed SEM and XRD investigations) than the large «,/y grains of
the TNM bulk (more than 5 pm). Fig. 1a also shows the initially
sharp gradient of aluminum between coating (62 at.% Al) and TNM
substrate (43.5 at.% Al).

The microstructural changes due to thermal exposure after
100 h at 900 °C in ambient air are presented in Fig. 1b. The oxy-
gen diffusion and reaction with the coating material leads to the
formation of an alumina-based scale. Accordingly, the y-TiAl coat-
ing is depleted of Al directly underneath the TGO, which is denoted
as Al-depleted zone I in Fig. 1b. Simultaneously, interdiffusion pro-
cesses between coating and TNM substrate lead to the smoothen-
ing of the sharp Al-concentration gradient. This causes the forma-
tion of a second Al-depletion zone within the coating and an Al-
enriched zone in the underlying TNM substrate, marked as Al de-
pleted zone II and Al-rich zone III, respectively (Fig. 1b). Due to the
increased Al content in the coating-near substrate region, the orig-
inal TNM microstructure transforms towards a homogeneous ap-
pearance in the BSE-SEM image (Fig. 1b). This is also highlighted in
the schematic cross-section next to this image. The interdiffusion
between TNM substrate and Al rich y-TiAl-based coating leads to
an outstanding adhesion. The Kirkendall voids that develop within
the coating, directly underneath the Al,03-based TGO and close
to the TNM substrate (zone II), are a clear sign for an accelerated
outward-diffusion of Al, leaving vacancies in these regions that fur-
ther condense to voids. The concentration gradient along the en-
tire cross section (Fig. 1b) coincides perfectly with the microstruc-
tural transformation observed during BSE-SEM, and allowed to ad-
equately represent the processes in the schematic sketch. Clearly, a
region with the original high Al content of 62 at.% is still present
after 100 h at 900 °C in this 16 pm-thick PVD coating.

To quantify the oxidation kinetics, the y-TiAl coated materials
were oxidized at 800, 850 and 900 °C for 1, 10, 30, and 100 h, and
subsequently investigated in detail using EDX line-scans. In order
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Fig. 2. (a) Cross-sectional BSE-SEM image of the originally 16-um-thick Al-rich TiAl-
based coating on a TNM substrate after 30 h oxidation treatment at 850 °C. (b)
Corresponding EDS line scan with the y-axis aligned to the BSE-SEM image. (c) De-
tailed view of the EDS line scans outer most 4 um. The marked points (i: O exceeds
Al; ii: Al exceeds O; iii: O signal reaches the as-received value within the TNM al-
loy) were used to obtain the TGO thickness, Xrco, and the oxygen inward diffusion
zone underneath the TGO, Xox, using Eqs. (1) and (2).

to profile chemical changes, an EDAX SDD Octane Elite 55 detector
with 20 kV accelerating voltage was utilized. An exemplary BSE-
SEM image and characteristic line scan after 30 h at 850 °C is pre-
sented in Fig. 2a and b, respectively. The changes in microstructure
(Fig. 2a), due to the different Al-content (Fig. 2b) within the coat-
ing and TNM substrate, and also the oxide scale formation with an
accompanied oxygen inward diffusion is clearly visible. The inter-
diffusion between the coating (Al-depletion zone II) and the TNM
bulk material (Al rich zone III) leads to a structural interfacial ho-
mogenization, and results in the already mentioned outstanding
coating to substrate adhesion.

As defined above, the various zones with different Al-contents
are named according to their change from the as-deposited con-
dition. The Al-depleted zone II lies within the original coating re-
gion (but close to the TNM substrate) and the Al-rich zone III exists
within the original substrate region (but close to the coating). Al-
though zone II is termed Al depleted zone, it still retains a higher
Al content than zone III, which is named Al-rich. As illustrated in
Fig. 2c, we identified three different specific diffusion distances, in-
dicated by (i) where oxygen exceeds the Al at.% content, (ii) where
Al- exceeds the oxygen content, and (iii) where the oxygen sig-
nal approaches the oxygen content of the bulk material in its as-
received state. Respectively, (i), (ii), and (iii), as shown in the line-
scan (Fig. 2c), have been used for evaluating the respective oxide
growth thickness (xtgo) and oxygen inward diffusion depth (xgx)
according to:

X160 = Xii — X; (1)

Xox = Xiii — Xii (2)

The growth kinetics of the TGO can best be described with a
parabolic rate law, see Eq. (3), where t is time. On the contrary,
the profile of the oxygen inward diffusion best matches a logarith-
mic function, Eq. (4). An explanation for the two different rate-law
can be provided by considering that the oxygen for this inward dif-
fusion is basically provided by/through the TGO.

X160 = kp -t (3)

Xox = de : lOg(t) (4)
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Fig. 3. Arrhenius plots of the k; values obtained for the TGO growth and the do
values obtained for the oxygen inward diffusion zone underneath the TGO (Table 1).
The empty green symbols and the corresponding linear fit represent the TGO for-
mation and the blue empty circles and the corresponding linear fit show the oxygen
inward diffusion. The error bars of the individual data stem from the investigation
of three samples per oxidation treatment step.

Table 1
The mean parabolic rate constants for the TGO growth and the
mean logarithmic inward diffusion rates for 800, 850 and 900 °C.

Tox (°C)  kp (cm?/h) TGO dox (cm/h)

800 7.40-107"" + 1.4-10°"1 1.10-10% + 1.65-107
850 1.08-10-1° + 1.57-10-1 1.17-10% £+ 1.77-10°°
900 1.26-1071° + 1,08-10-!1 1.35-107% + 1.69-10°°

With increasing oxidation time and temperature, the thermally
grown oxide clearly thickens.

Despite different thicknesses of the y-TiAl based coatings (~6,
12, and 16 pm), roughly the same TGO scale thicknesses of ~0.6
to ~1.2 pm were obtained after isothermal annealing for 100 h at
800, 850 and 900 °C.
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Table 1 contains the parabolic rate constants for the TGO, aver-
aged from three samples per oxidation treatment of 1, 10, 30, and
100 h at 800, 850, and 900 °C. Furthermore, the mean logarithmic
inward diffusion rates for the oxygen inward diffusion underneath
the TGO are also obtained from the average values of the samples
per treatment of 1, 10, 30, and 100 h at 800, 850, and 900 °C.

The activation energies for the TGO formation (qy,) and the
oxygen inward diffusion (qgy) are obtained from Arrhenius plots,
Fig. 3, of Eqgs. (5) and (6) [28,32-34] - with kg being the Boltz-
mann’s constant - using the mean values obtained for 800, 850,
and 900 °C presented in Table 1.

_Gip
kp = kpo-e % (5)
dox = doxo - 972‘% (6)

The intercepts of the linear fits with the ordinate of the Arrhe-
nius plots provide the pre-exponential factors, kyo and doyg, while
the slope provides the activation energies, qi, and qoy, for these
processes. Thus, the pre-exponential factor for the oxygen inward
diffusion is dgyg =

0.00114 cm/h, while the pre-exponential factor for the TGO
growth is kpo= 5.67-108 cm?/h. The activation energy for the TGO
formation (qi,= 0.61 eV) is much larger than that for the oxygen
inward diffusion (qox= 0.22 eV). The latter is in excellent agree-
ment with literature values [35], where an energy barrier for oxy-
gen diffusion from the TiAl surface into subsurface layers of 0.28-
0.32 eV is reported. The slightly lower activation energy during our
experiments suggests for an easier diffusion mechanism in the PVD
coating (with their typically high defect density) than in the TiAl
alloy.

This data is used to predict the TGO thickness (xrgo) and the
oxygen inward diffusion zone (xqx) up to 1200 h at 850 °C. Fig. 4a
shows the combined oxygen affected zone (xtgo+Xox), Whereas
Fig. 4b presents the oxygen inward diffusion zone (Xgyx). The
dashed line is obtained from the mean values at 850 °C (Table 1)
and the greyish region is obtained when including the value for
the 6 and 16 pm thick coating. To experimentally verify these pre-
dictions, y-TiAl coatings were redeposited (again with ~6, 12, and
16 um) and oxidized for 100, 600, and 1000 h at 850 °C. Hereafter,
the samples were investigated and analyzed according to the previ-
ously outlined procedure - see the hollow symbols in Fig. 4a and
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Fig. 4. (a) Time-dependent thickness of the oxygen affected surface near region (combining the TGO thickness, Xrco, and the depth of the oxygen inward diffusion depth,
Xox) during oxidation at 850 °C. (b) Time-dependent oxygen inward diffusion depth, Xox, underneath the TGO. The solid data points are from samples used to obtain the
relevant parameters for the predicted TGO thickness and oxygen diffusion zone depth. Based on these, coatings with the same thicknesses (6, 12, 16 nm) were redeposited
on a TNM substrate and investigated as well (empty symbols).
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b. The filled symbols represent the data mentioned above, which
have been used to obtain the oxygen growth rate and diffusion
constants (Table 1), as well as the activation energies to draw the
extrapolated lines.

Solely the 6 pm-thin y-TiAl based coating is too thin for the
850 °C treatment, when exposed for more than 100 h, and ex-
hibits a much thicker oxygen influenced zone than predicted. The
depleted Al-reservoir (due to the thin Al-rich TiAl-based coating)
causes almost a breakthrough oxidation (clearly visible in SEM).
Otherwise, the experimentally obtained data from the thicker y-
TiAl-based coatings accurately correlates with the values from the
prediction. By comparing the calculated oxygen inward diffusion
depth underneath the TGO (Fig. 4b) - also considering the affected
area for the thinnest and thickest coating (blueish area) - with
the experimentally obtained data, actually feature a more constant
oxygen inward diffusion depth, especially for longer times. This
suggests that the TGO formed, is very effective in limiting further
oxygen diffusion. The 11 and 16 pm Al-rich TiAl-based coatings al-
lowed for a reduced TGO thickness (3.3-3.7 pm at 600 h) even
up to 1000 h (4.5-5.2 pm), with kp= 1.08¢10-10 cm?/h and an
activation energy of 0.61 eV. Only, if there is an insufficient Al-
reservoir to form a continuous and protective Al,03 layer (as it
is the case for the 6 pm-thin TiAl-based coating after 600 h and
more), the oxygen inward diffusion depth increases. As soon as the
Al rich TiAl-based coating is consumed or its Al-content falls be-
low 50 at.%, competing TiO, rich regions form within the TGO and
lead to spallation of the protective oxide, as well as breakthrough
oxidation.

Based on these findings, we conclude that Al-rich y-TiAl based
PVD coatings are well suited as an oxidation protection aid for
common TNM-bulk alloys. They allow for the formation of a su-
perior protective TGO, capable of significantly limiting the oxygen
inward diffusion depth. Moreover, the very close match in ma-
terial characteristics, combined with a coalescence of the Al-rich
TiAl based coating and TNM substrate interface provides excellent
adhesion properties This allows a minimum coating thickness ap-
proximation of 9 pm for an isothermal long-term use at 850 °C for
at least 1200 h.
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